transmitted R5-tropic viruses in the infants. To date, detailed genotypic and phenotypic analyses of CXCR4using virus populations in mother-infant pairs have not been reported, which is needed to definitively establish the origin of CXCR4-using viruses in vertically infected infants and clearly define their phylogenetic relationship to the mother's virus. Emergence and transmission of CXCR4-using viruses have been associated with rapid disease progression in adults and children. However, the origin, natural history and clinical relevance of the presence of CXCR4-using viruses in infants are less clear [6, 7] . We recently identified CXCR4-using viruses in five (9%) of 57 HIV-infected Ugandan infants at 6-14 weeks of age and in their mothers [8] . This provided a unique opportunity to ask whether the CXCR4-using viruses in the infants were transmitted or evolved from transmitted R5-tropic viruses.
Plasma-derived envelope (env) clones were obtained from these five infants at HIV-1 diagnosis, four at birth (infants 185, 197, 632 and 827) and one at 6 weeks of age (infant 223, HIV-1 negative at delivery), and from all mothers at delivery. A total of 140 env clones (12-16 clones from each mother or infant sample) were evaluated for coreceptor tropism using the Trofile assay (Monogram Biosciences, South San Francisco, USA) [9] . Env clones were classified as R5-tropic, X4-tropic and dual-tropic, based on luciferase activity in U87/CD4/CCR5 and U87/CD4/CXCR4 cells, and whether the luciferase activity was specifically inhibited by a CCR5 or CXCR4 antagonist [9] . The term 'CXCR4-using' refers to X4-tropic and dual-tropic viruses. The results of this analysis provided accurate qualitative and quantitative assessments of the coreceptor tropism of the env clones that highlights the phenotypic similarities of paired mother-infant virus populations, and illustrates the variation in CCR5-mediated and CXCR4mediated infectivity of dual-tropic viruses ( Table 1) .
The virus populations of both mother and infant 197 were homogenous and comprised solely of X4-tropic variants that generally utilized CXCR4 with equivalent efficiencies. Similarly, R5-tropic and X4-tropic variants within the mixed virus population of infant 223 were representative of the R5-tropic and X4-tropic variants observed in the mother's virus population. The virus populations of two mother-infant pairs (632 and 827) were comprised of mixed subpopulations of R5-tropic and dual-tropic variants. The infectivity of individual env clones [shown as relative light units (RLU) of luciferase activity in Table 1 ] indicated that the dual-tropic variants in these mother-infant virus populations utilize CCR5 more efficiently (10 4 to 10 6 RLU) than CXCR4 (10 2 to 10 4 RLU). In the fifth mother-infant pair (185), the mother's virus was comprised of an R5-tropic population mixed with two dual-tropic subpopulations that were distinguished based on their abilities to utilize CXCR4 (approximately 10 3 RLU vs. 10 5 RLU, respectively). All of the viruses detected in infant 185 displayed the same tropism pattern (dual-tropic with efficient CXCR4 use). No R5-tropic and dual-tropic clones with inefficient CXCR4 use were identified by examining 76 additional functional clones (data not shown), suggesting that the maternal subpopulation of dual-tropic variants with efficient CXCR4 use was selectively transmitted.
We next determined the gp160 sequence of each of the 140 env clones from five mother-infant pairs using conventional chain termination chemistry (Big Dye Terminator Ready Reaction Cycle Sequencing; ABI, Foster City, California, USA). The V3 amino acid sequences of mother and infant env clones derived from nucleotide sequences were correlated with coreceptor tropism results (Table 1 ). In general, V3 loop sequences of R5-tropic, X4-tropic or dual-tropic env clones from each infant were identical, or similar, to R5-tropic, X4-tropic or dual-tropic env clones from the viruses of the paired mothers. We further sub-classified dual-tropic env clones as dual-X or dual-R based on virus infectivity and the V3 amino acid sequences of individual clones as described previously [10] . Dual-X-tropic clones efficiently utilize CXCR4 and have V3 sequences that are distinct from the R5-tropic clones from the same virus population; dual-R clones utilize CXCR4 less efficiently and have V3 sequences that are closely related or identical to the R5tropic clones that are present in the same virus population. In infant 197, all env clones were X4-tropic and the V3 sequences were similar to the maternal X4-tropic clones, differing at no more than two amino acid positions. In mother-infant pairs 223 and 185, the infant virus populations contained either X4-tropic clones (223) or dual-X-tropic clones (185) with V3 sequences identical to those of their mother's X4-tropic or dual-X-tropic clones, but distinct from those of their mother's R5tropic clones. In mother-infant pairs 632 and 827, the infants had dual-R-tropic clones with V3 sequences similar to the dual-R-tropic clones from their mothers, and were closely related or identical to the R5-tropic clones. In all five mother-infant pairs, infant V3 sequences matched the maternal V3 sequences of env clones with the same phenotype.
The presence of a charged residue at positions 11 and/or 25 in the V3 loop has been associated with CXCR4 coreceptor use [11] [12] [13] . However, in this study, the 11/ 25 rule correctly predicted CXCR4 use in only the X4tropic clones for pairs 197 and 223, but not in the dual-R clones for pairs 632 and 827. Furthermore, the charged residue lysine was present at position 25 in R5-tropic and dual-tropic clones for pair 185. The loss of potential Nlinked glycosylation site (PNGS) in V3 at amino acid positions 6-8 has also been reported to associate with CXCR4 use [14] and was observed in all X4-tropic clones from pair 197 and pair 223. However, the absence of PNGS was also observed in dual-R clones from pair 827 and in R5-tropic clones from pair 827 and 223. In addition, all clones from pair 185 and all but one clone Table 1 . Characterization of coreceptor utilization and V3 sequence of HIV env clones from mother-infant pairs. a Number of clones with the indicated V3 sequence identified in each sample. b Dual-tropic clones were sub-classified as dual-R-tropic and dual-Xtropic [10] . c Amino acid residues that differ from the most prevalent sequence in the corresponding mother are indicated. V3 amino acid positions 11 and 25 are highlighted in bold font. Potential N-linked glycosylation sites (PNGS) in V3 at amino acid positions 6-8 are underlined.
from pair 632 retained PNGS, including dual-X-tropic, dual-R-tropic and R5-tropic clones. Thus, we observed no clear distinction of 11/25 and PNGS between dualtropic or R5-tropic viruses in this study.
To examine further the genetic relationship between env clones from each mother-infant pair, we performed a phylogenetic analysis of gp160 nucleotide sequences from the full set of 140 env clones isolated from the paired mother and infant samples. Virus subtyping was performed by aligning the gp160 nucleotide sequences of the 140 clones against the HIV-1 subtype reference sequences available from the Los Alamos HIV Sequence Database. All mother-infant pairs were infected with subtype D viruses, with the exception of pair 185 that was infected with subtype A virus. Phylogenetic trees were constructed from gp160 nucleotide sequences using neighbor-joining methods as implemented in MEGA, version 3.1 [15] , with 1000 replicate bootstrap resampling. Sequences from each mother-infant pair separated into distinct clusters that were supported by high bootstrap values (>99%) for the nodes of all five mother-infant pairs. We next performed a phylogenetic analysis of the individual env sequences obtained for each mother-infant pair (Fig. 1) . The coreceptor tropism result for each clone is indicated on the corresponding branch of the phylogenetic tree (R5-tropic, X4-tropic, dual-X-tropic or dual-R-tropic). In general, sequences from infant viruses clustered tightly within each group of paired mother-infant sequences and exhibited less diversity than the corresponding sequences from the mother's viruses, irrespective of coreceptor tropism. This observation is consistent with the existence of some degree of selective advantage (or disadvantage) during transmission and is best illustrated by the phylogenetic relationship observed in mother-infant pair 185, which suggests that infection in this infant was established from a minor maternal subpopulation of dual-X-tropic viruses (Fig. 1b) . In addition to the relatively homogeneous virus populations from infants 197, 185 and 632 shown in phylogenetic trees (Fig. 1a-c) , we also found evidence of oligoclonal infection in infants 223 and 827 ( Fig. 1d, e) ; the phylogenetic trees for these two mother-infant pairs clearly show distinct subpopulations in the infants that were sorted by coreceptor tropism and were most likely derived from the corresponding subpopulations in the mother. Whether the virus populations in these two infants were established by a single oligoclonal transmission event or sequential monoclonal transmission events is uncertain. Taken together, analysis of gp160 sequences from all five mother-infant pairs indicates that the CXCR4-using env clones isolated from each infant virus population are phylogenetically indistinguishable from the corresponding CXCR4-using subpopulations present in the mother at the time of delivery. We found no evidence to suggest that CXCR4-using clones in the infants were the result of rapid evolution of R5-tropic clones following transmission.
In summary, we demonstrated CXCR4-using viruses were transmitted from mother to infant in five Ugandan mother-infant pairs. Detailed clonal analyses identified different types of CXCR4-using viruses in the viral populations of these newborns, including X4-tropic, dual-X-tropic and dual-R-tropic variants. The phenotypic composition of the virus populations from these infants was strikingly similar to that of their mother's virus population at delivery. In the single exception (pair 185), a mother transmitted a dual-X-tropic variant to her infant that existed as a minor subpopulation among predominantly R5-tropic variants. Phylogenetic analysis based on gp160 nucleotide sequences further indicated that R5-tropic, X4-tropic and dual-tropic variants from each infant shared a common origin with variants from the infant's mother. These data support the vertical transmission of CXCR4using variants from mother to infant during pregnancy in four cases (pairs 185, 197, 632 and 827), and at delivery or shortly after birth in the fifth case (pair 223). Our observations in these mother-infant pairs do not support a model in which CXCR4-using variants evolve from transmitted R5-tropic viruses or the preferential infection by, or outgrowth of R5-tropic viruses in vertically infected infants. The different types of CXCR4-using viruses that we identified previously in pregnant Ugandan women (X4-tropic, dual-X-tropic and dual-R-tropic variants) [10] were also found in the virus populations of the mother-infant pairs evaluated in this study. We can conclude from these two studies that distinct subclasses of CXCR4-using viruses present in pregnant women can be transmitted to their infants. Notably, the two infants infected with either homogeneous X4-tropic (197) or dual-X-tropic (185) viruses died earlier (14.5 and 10.5 months) than the two infants infected with R5-tropic and dual-R-tropic viruses (2 and 4.7 years for 827 and 632) or the one infant (223) infected with a predominantly R5tropic virus population containing a small subpopulation of X4-tropic variants (2.5 years). However, additional studies are required to adequately address whether infants with infections dominated by X4-tropic or dual-X-tropic viruses are at greater risk for disease progression and death than those infected predominantly with R5-tropic or dual-R-tropic viruses.
